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1. INTRODUCTION 
 
 
 
1.1. Current scenario 
 
Due to the increasing level of population we are overexploiting lands for 
food production, causing soil degradation, biodiversity loss, waste of 
water (70%of all abstracted freshwater is directed towards irrigation to 
produce food1), global warming (IPCC predicts a rise of 6.4 degrees by 
2099).  
Global warming, along with other climate-related shifts, including rising 
sea levels, drought, and ocean acidification, will make food production in 
the 21st century even more difficult 2  and the gap between food 
requirement and food production will always increase.  
This situation will be more problematic in urban cities where half of the 
word’s population lives, in 2050 the world population will be around 9 
billion people and will continue to grow to reach about 10 billion people 
by 21003. 
 
“The increase of population spurs technological progress and creates that 
anxiety which sets us against our environment as an enemy; while 
technology both facilitates increase of population and reinforces our 
arrogance, or "hubris," vis-à-vis the natural environment.4”  
 
The high levels of pollution in the atmosphere along with the excess of 
asphalted surfaces are causing the urban heat island phenomenon (UHI). 
UHI determines higher temperatures (2-5°C, Taha, 19975) inside cities in 
comparison to the suburban and rural. This has evident effects both on 
the environment and on the wellbeing of city dwellers.  
 
                                            
1 Food and Agriculture Organization of the United Nations (2013) FAO Statistical Yearbook 
2013: World Food and Agriculture. Rome. 
2 Worldwatch Report 188: Innovations in Sustainable Agriculture: Supporting Climate 
Friendly Food Production, (2012) Washington 
3 World Health Organization (2013) Urban population growth. Global Health Observatory. 
4 G. Bateson, Step to an Ecology of Mind (1972) 
5 H. Taha, Urban climates and heat islands: albedo, evapotranspiration, and anthropogenic 
heat (1997) 
 2 
Dense urban areas will be challenged to host more people while reducing 
CO2 emissions since CO2 emissions caused by people’s modern activities 
are one of the most direct factors to intensify global warming. 
 
In Italy, in the last decade real estate crisis has led to a 30% decrease of 
investment in new building construction, at the same time the 
redevelopment of existing buildings was rising of 12% 6. 78% of buildings 
have been built before the first law on energy efficiency of 1977, energy 
retrofit is necessary in order to reduce energy waste and to improve 
comfort conditions. Vertical greening system could be a sustainable 
solution for energy saving for heating and air conditioning, reduction of 
air pollution and of the heat island effect, improvement of environment 
quality and biodiversity. 
 
  
                                            
6 Associazione Nazionale Costruttori Edili, ANCE 
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1.2. Aim of the study 
 
This study wants to show the effective benefits of a green facade 
developing a sustainable living wall system for the retrofit of existing 
buildings.  
The different greening systems are studied with a comparative analysis in 
order to understand their strength and weakness.  
The effects of plants on thermal performance of a building are evaluated 
with a mathematical model that takes into account all the processes 
happening in the wall heat exchange: solar radiation, infrared radiative 
exchange between the façade and sky, the façade and ground, the 
façade and the vegetation layer, convection to and from the façade, 
evapotranspiration of the plant layer, heat storage in the façade material 
and heat conduction through façade. The reduction of heat flux is 
evaluated in comparison to the bare façade. 
 A case of study is developed as an example of application of the system 
proposed. 
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2. GREEN FACADE SYSTEMS 
 
 
2.1. Green envelopes in urban context 
 
“Let us start from the evolutionary side. It is now empirically clear that 
Darwinian evolutionary theory contained a very great error in its 
identification of the unit of survival under natural selection. The unit which 
was believed to be crucial and around which the theory was set up was 
either the breeding individual or the family line or the sub-species or 
some similar homogeneous set of conspecifics. Now I suggest that the 
last hundred years have demonstrated empirically that if an organism or 
aggregate of organisms sets to work with a focus on its own survival and 
thinks that that is the way to select its adaptive moves, its "progress" 
ends up with a destroyed environment. If the organism ends up 
destroying its environment, it has in fact destroyed itself.”7 
 
As this quote from Bateson suggests we cannot consider ourselves only 
as part of a unit (that could be a family, a neighbourhood, the society…) 
because focusing only on our survival is destroying our environment, that 
is to say us. 
 
From the Brundtland report (Our Common Future) by the WCED (United 
Nations World Commision on Environment and Development), in 1987, 
sustainable development became an important topic, it was defined as a 
“development that meets the need of the presents without compromising 
the ability of future generations to meet their own needs”. 
The Agenda 21, a product of the Rio Earth Summit of 1992, stated the 
urgency of a deep change in consumption and production patterns and 
assigned to states the responsibility of adopting a model of sustainable 
development.  
Due to energetic crisis, climate change, the discovery of hole in the 
ozone, environmental disasters like Chernobyl, the attention on ecology 
increased significantly.  
 
                                            
7 G. Bateson, Step to an Ecology of Mind (1972) 
 5 
The Rio Convention, adopting the United Nations Framework Convention 
on Climate Change (UNFCCC), set out a framework for action for the 
annual Conference of Parties (COP) whose aim is to assess the 
Convention’s progress.  
The Paris agreement, negotiated at the 21st COP in Paris on 2015, aim to 
keep global warming below 2°C. 
Only recently we started considering the city as an eco-system 
understanding the importance of the relationship between town-planning 
and environmentalist policy, which leads to an equilibrium of the urban 
environment. 
 
“The city was considered as a factor of damage with regard to the 
environment, not as an environmental problem “itself” […] it was 
considered one of the containers of environmental degradation […] one 
of the disturbing factors for an eco-system by which has always been 
meant to be a “natural” eco-system.8” 
 
From the seventies researchers started to investigate the benefits gained 
from the use of vegetation in architecture, and the work of many 
architects such as the SITE group, Emilio Ambasz, Friedrich 
Hundertwasser, Mathias Ungers, went in that direction. 
The incorporation of vegetation into the urban environment has shown 
positive results mostly in urban dense areas with lack of green spaces, not 
only in terms of urban heat island effect mitigation, but also in reducing 
air pollution, improving quality of life, enhancing biodiversity and 
mitigating stormwater runoff.  
Traditional approaches to establishing greenery are public parks, 
backyard gardening and street landscaping whether less standard 
approaches use built surfaces as the ground for tighter integration 
between buildings and plants.  
 
As cities get denser and the ecological awareness gets stronger, these 
latter approaches might play a stronger role because they scale better for 
higher densities: the skin of the city can become a living landscape.  
 
                                            
8 F. Archibugi, The ecological city and the city effect (1997) 
 6 
While green roofs covered with layers of vegetation have long been 
prominent features of buildings in many cities, green walls that integrate 
plants into buildings’ vertical elements are still a relatively new feature in 
contemporary architecture. 
 
Buildings worldwide account for 40% of global energy consumption9, 
moreover if we consider the energy consumed in manufacturing steel, 
cement, aluminium and glass used in construction, this consumption 
would be more than 50% (Energy Efficiency in Buildings, 2009). Due to 
higher urban temperatures, energy consumption by air-conditioning is 
increasing which leads to an aggravation of the urban heat island effect. 
The thermal performance of the exterior building envelope is responsible 
for a large portion of total cooling energy consumption of the building 
and integrating plants into the façade can be used as a passive system of 
cooling.  
 
 “The building envelope is possibly the oldest and most primitive 
architectural element. It materializes the separation of the inside and 
outside, natural and artificial and it demarcates private property and land 
ownership (one the most primitive political acts). When it becomes a 
façade, the envelope operates also as a representational device in 
addition to its crucial environmental and territorial roles.”10 
 
 
 
  
                                            
9 IEA-EBCS International Energy Agency, Energy Conservation in Buildings and Community 
Systems, Annual Report (2012) 
10 A. Zaera Polo, The Politics of the Envelope. A Political Critique of Materialism (2008) 
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2.2. Types 
 
Green façade or vertical garden is a term which is used to refer to all 
forms of vegetated wall surfaces, they can be classified by their growing 
method into façade greening and living wall systems11 basically divided 
between systems rooted into the ground or based on hydroponic.  
Green façades are based on climbers planted at the base of the façade, 
directly attached to the building surface (direct greening system, figure 
1a), or sustained by cables or trellis (indirect greening system, figure 
1b,c). Living wall system consists of panels of vegetation, each one with 
their own soil and nutrients for the plants (figure 2). 
 
 
 
 a)                                           b)                                            c)                
Figure 1: a) direct greening system; b) indirect greening system; c) indirect greening 
system with planter boxes 
 
 
d)                                                    e)                                                       f)                
Figure 2: d) LWS - planter boxes; e) LWS - foam substrate;  f) LWS - felt layer 
  
                                            
11 M. Köhler, Green facades—a view back and some visions, (2008) 
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2.2.1. Direct greening systems 
 
Climbing plants rooted in the soil at the base of the façade represent a 
very cheap greening system and it reduces painting façade costs. 
However it can have a negative impact on the envelope that, in case of 
maintenance, would require vegetation removal.  
Moreover, during the winter, the absence of an air cavity could be 
responsible for issues due to the impossibility for walls to dry (for 
evergreen species).12  
When planning a green façade with this method it is important to 
consider that some climbing plants can grow in height for 5 or 6 metres, 
others around 10 metres and some species reach 25 metres.13  
 
It is possible to employ evergreen or deciduous species according to the 
necessities of the building due to different climate zones.  
Evergreen are used when vegetation is fundamental both in summer for 
shadowing and in winter to reduce the impact of the wind on the façade 
and protect it from rain and snow (especially the walls north exposed), 
deciduous are preferred for mediterranean climate.  
Due to mild winter condition a protection from weather it’s not needed, it 
is better to let the sun hit directly the walls in order to warm them.  
Aesthetical aspect has to be taken into account as well, a deciduous plant 
is always changing its appearance. 
 
We can find many examples of direct greening systems in traditional 
architecture since self-climbing plants don’t require any support (figure 3).  
Ivy is usually employed because it survives easily over decades and due 
to phototropism it has the tendency to grow in height (to follow the light) 
covering completely the facades; within urban settings Boston ivy is the 
dominant plant species (Kholer, 2008). However ivy is not adaptable to 
any surface since its aerial roots require a certain roughness to anchor 
(anyway brick, stone and concrete are suitable).  
 
 
                                            
12 K. Perini, Progettare il verde in città (2013) 
13 M. Dunnett, N. Kingsbury, Planting green roofs and living walls (2008) 
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Figure 3: facade of Citterio factory in Rho directly covered by vegetation 
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2.2.2. Indirect greening systems 
 
According to Perez et al.14 we can have different support system: modular 
trellises, wired and mesh structures.  
 
• Modular trellises are very light modules mounted on the building wall 
or on independent structures, which become the support for the 
climbing plants. These support structures can be made with different 
materials such as steel (coated steel, stainless steel, galvanized steel), 
wood, plastic, aluminium, each one with different aesthetical and 
functional properties due to the different weight, profile thickness, 
durability and cost15. For example, in a rainy climate, a wood trellis 
can deteriorate more quickly if covered by a dense green layer 
whereas in a mediterranean climate a steel support can heat it up too 
much causing bud damage and growth reduction (Dunnett & 
Kingsbury, 2008). (Figure 4) 
 
• Wired structures use a system of steel tensioned cables, anchors and 
separators and they can be combined with modular trellises panels to 
create a more complex façade design. (Figure 5-6) 
 
• The mesh structure is a flexible steel fabric that can be anchored to 
the building wall, adapting even to curved surfaces, or to the building 
structures. (Figure 9) 
 
The indirect greening systems can also be combined with planter boxes 
at different heights of the façade without the need for nutrients and 
watering system (figure 7-8), otherwise it can be defined as a living wall 
system. 
Commercial examples of indirect greening systems that are shown in the 
final boards are: Wally-e (Geoplast), Confina Soilles and Confina (Poliflor), 
Gittersysteme (Brandmeier), Greenover (Arches). 
 
                                            
14 G. Pérez et al., Green vertical systems for buildings as passive systems for energy 
savings, (2011) 
15 K. Perini et al. Greening the building envelope, façade greening and living wall systems, 
(2011) 
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Figure 4: modular trellises system. The frame is made up of lenghts of 50 mm square 
stainless steel pipe fitted together in a diagonal grid with a mesh size of 600x600 mm. In 
order to prevent the climbing plants damaging the building itself, a space is left 
between the frame and the facade. Reminescent of wooden trellises in gardens, the 
climbing frames are planted with sweet-smelling star jasmine. “Centro Direzionale 
Forum” in Rimini, by Mario Cucinella Architects 
 
 
Figure 5: wired structure made of a network of tensioned stainless cables fixed on the 
outer side of the steel frame. MFO Park in Zurich by Burckhardt + Partner and 
Raderschall Landschaftsarchitekten ag. 
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Figure 6: wired structure with cables that start from the ground combined with modular 
panels of stainless steel net. This solution allows to have free access to the ground floor 
just limited by few cables whereas the upper part is covered by vegetation. Swiss Re 
headquarters in Munich, BRT Architects 
 
 
 
Figure 7: combination of modular trellis and planter boxes, the green façade, detached 
from the building, is made of steel mullion and transom, with modular panels of 
stretched metal as a support for the evergreen star jasmine. Sea Arts Hotel, Camogli, 
Gosplan Architects. 
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Figure 8: combination of wired system (with steel cables as vegetation support) and 
planter boxes, Shopping Center Stückfärberei Basel, Diener & Diener Architekten 
 
 
Figure 9: mesh structure made of a 3mm stainless steel cables that create a flexible net. 
The cable net is fixed to the floor-slab via 12 mm thick horizontal cable. Up to normal 
parapet height the mesh size is narrower, widening out above that. Student Housing in 
Garching, Fink + Jocher 
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2.2.3. Living Wall Systems 
 
Also known as green walls they are constructed from modular panels each 
one containing its own soil or other artificial growing medium (hydroponic 
culture) such as foam, felt, perlite, and mineral wool, using balanced 
nutrient solution to provide all or part of plant’s food and water 
requirement (Dunnet and Kingsbury 2008).  
Greening the building envelope with a living wall could be a suitable 
solution both for new buildings and restoration of old ones, since it is 
integrated in the façade itself, being part of it, it can be a protection for 
the insulating layer or containing the layer inside its system. 
Plants in normal conditions would grow upwards on the ground, in this 
case they are trained to grow sideways on a façade, anyway there are 
many species that can grow sideways giving a wide range of variety of 
plants and more creative design than climbing plants (Kholer 2008).  
Living walls allow a rapid coverage of large surfaces and a more uniform 
growth along the vertical surface, reaching higher areas and adapting to 
all kinds of buildings.16 
In the last years many different systems have been developed, according 
to Perini et al. (2011) the more popular systems can be divided in:  
• LWS based on plastic planter boxes (HDPE) filled with potting soil 
(figure 2d-10),  
• LWS based on a foam substrate with steel basket as support (figure 
2e), 
• LWS based on felt layers, working as a substrate supported by a PVC 
sheet (figure 2f-11).  
 
Felt-based systems examples are the ‘vegetated mat wall’ developed by 
Patrick Blanc where pre-grown plants are inserted into holes cut into the 
fabric and nutrients are primarily distributed through an irrigation system 
that cycles water from the top of the system down, or the ‘hanging 
pocket’ system where pocket-shaped fabric containers filled with planting 
medium are attached to a rigid back-up layer. Living wall systems have 
the more complex design due to the apparatus required (support system, 
plants containers, irrigation and water collecting system, sensors).  
                                            
16 M. Manso et al., Green wall systems: A review of their characteristics, (2015) 
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Therefore they need more maintenance and they are the most expensive. 
On the other hand they are the most customizable and there is a wide 
room for improvement in optimization. 
 
 
Figure 10: planter boxes as a façade system, Kengo Kuma, Z58, Shanghai  
 
 
Figure 11: mat vegetateted wall, it has 15,000 plants from more than 250 different 
species and most of it is flourishing. designed by botanic Patrick Blanc, Caixa Forum, 
Madrid (Herzog & De Meuron) 
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2.3. Benefits 
 
It has been proved that green walls have a positive impact on: 
 
• Air quality  
We are exceeding concentration limits of particulate matter given in 
the standards worldwide. Particulate matter is all suspended particles 
in the atmosphere smaller than 10 micrometres, it is one of the most 
harmful aspects of air pollution17. High concentration of fine dust can 
lead to health risk such as cardio vascular or lung diseases18. A green 
façade will block the movement of particulate matters particles along 
the side of a building and filter them.19 
Carbon dioxide is a gaseous compound released mainly due to the 
combustion of fossil fuels. Its levels are increasing but this is not 
compensated by an equal absorption by plants and algae. CO2 is not 
harmful for humans and animals’ health but it is responsible for the 
warming up of the hearth (greenhouse effect). During the process of 
photosynthesis, plants transform carbon dioxide, water and solar 
radiation into oxygen and glucose.  
 
• Biodiversity 
One of the most important benefits of green envelope is its ability to 
promote wildlife and biodiversity in urban areas that have been largely 
barren by urbanism. Natural habitats are disappearing at an alarming 
rate and habitat loss is one of most dramatic threat to wildlife.  
As a result of the plants diversity, animals diversity will be achieved.  
By carefully choosing and planting attractive plant’s species they will 
attract birds, butterflies, bees and other species. A study of 17 green 
roofs in Basel identified 245 beetle and 78 spider species in the first 
three years after installation of the roof, more than 10% of the species 
were listed as rare or endangered.20 
 
 
                                            
17 M. Ottelé, The green building envelope [Ph.D. dissertation], TU Delft (2011) 
18 A.C. Pope et al., Fine-particulate air pollution and life expectancy in United States, (2009) 
19 G. Minke, G. Witter, Houses with green envelope, A guide for greening, (1982) 
20 S. Brenneisen, The benefits of biodiversity from green roofs: key design consequences, 
(2003) 
 17 
• Urban Heat Island effect  
On a clear summer afternoon, the air temperature in a typical city is as 
much as 2.58 C higher than in the surrounding rural areas21, this is 
reported as Urban Heat Island phenomenon (UHI). 
In rural areas, around 20–25% of the incoming short-wave radiation is 
reflected back into the sky by grass and 15% by trees22. Of the energy 
that is absorbed, over a half is often used to evaporate water from 
leaves, a process known as evapotranspiration23 , which represents 
2450 J for every gram of water evaporated (Perez et al 2011). This 
process cools the vegetation. 
In cities, with concrete and asphalt working as giant storage heaters, 
vehicles, factories, air conditioners producing heated gases, the 
serious lack of vegetation and water, the UHI effect is getting more 
serious.  
A literature study conducted by Onishi et al.24 shows a temperature 
reduction of 2-4°C by covering areas with trees. 
“Dark man-made materials have a lower albedo than vegetation, so 
around 15% of the sun radiation is reflected, and even less in high-rise 
cities where light is reflected down into urban canyons.  
Almost all of the absorbed energy is used to heat up the dry roads 
and roofs, where it is either stored in bricks and mortar or heats the air 
above, raising daytime surface and air temperatures well above that of 
the surrounding countryside. At night the situation can become worse, 
since cities also cool down more slowly; there is more heat stored in 
the buildings to dissipate, there is more pollution to trap long-wave 
radiation, and within urban canyons less of the cool sky is visible, so 
less radiation can escape.”23 
Vegetation can play a fundamental role trough shading buildings 
(shaded surfaces may be up to 20°C cooler than the peak 
temperatures of unshaded materials) and ‘evaporative cooling’ by 
evapotranspiration (Perez et al 2011). 
 
                                            
21 H. Akbari et al., Cool surfaces and shade trees to reduce energy use and improve air 
quality in urban areas, (2001) 
22 Reaserch Report by Forestry Commission (UK), Trees, people and the built environment - 
Proceedings of the Urban Trees Research Conference 13–14 April 2011 
23 T.R. Oke, Boundary layer climates, (1987) 
24 A. Onishi et al., Evaluating the potential for urban heat-island mitigation by greening 
parking lots, (2010) 
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• Sound insulation 
According to Azkorra et al.25 vegetation can reduce sound levels in 
three ways: first sound can be reflected and diffracted by plant 
elements (like trunks, branches, twigs and leaves); a second 
mechanism is absorption by vegetation that can be attributed to 
mechanical vibrations of plant elements caused by sound waves, 
leading to dissipation by converting sound energy to heat; third the 
presence of soil can lead to destructive interference between the 
direct contribution from the source to the receiver and a ground-
reflected contribution (acoustical ground effect or ground dip).  
Vegetation in urban environments can generate small reductions of 
noise from 5 up to 10 dB depending on many factors such as plant 
species, growing medium, screen dimension, location and distance 
from the source of noise. 
A study by Azkorra et al. shown, for the green wall, better acoustic 
absorption coefficient than other common building materials, in 
particular at low frequencies its properties were better than those of 
some current sound-absorbent materials. 
 
• Thermal performance of the building 
The benefits achieved from a green façade depend on many factors 
such as the technology employed, the site location, orientation, the 
type of plants, other materials of the façade layers. However many 
studies agree on the energy saving potential of a plant-covered wall 
due to its cooling effect in summer and protection in winter.  
Plants provide shading for the building and they protect wall surfaces 
from radiation reflecting a part of it, absorbing another small part 
trough pigments such the clorofyll-a for its biological functions like the 
photosynthesis, and using the most part of it for transpiration 
evaporating water contained within the leaf.  
A study by Eumorfoupolou et al.26 conducted in Greece on summer 
reports that on a sunny day around 12 a.m., temperatures on a bare 
wall are 10°-15° higher than on a plant-covered wall.  
                                            
25 Z. Azkorra et al., Evaluation of green walls as a passive acoustic insulation system for 
buildings, (2015)  
26 E.A. Eumorfopoulou et. al, Experimental approach to the contribution of plant-covered 
walls to the thermal behaviour of building envelopes, (2009) 
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Orientation of the building can play a significant role on the cooling 
effect in summer as well.  
According to Kontoleon et al.27 the use of a green layer on a north-
oriented wall in a Mediterranean climate cause a insignificant decrease 
(4,65%) of energy consumption while it is reduced dramatically 
(18,17%) for an east-oriented plant-covered wall.  
In winter infiltration of cold air produces a double negative effect: it 
causes the ‘wind chill effect’ which increases the rate of heat loss and 
reduces any warmer objects to the ambient temperature more quickly 
and it causes water vapour condensation particularly in cavities.  
Vegetation, by reducing wind speed on the building, can mitigate 
those effects and lead to energy savings for heating.  
For LWS a reduction of wind velocity was observed up to 0,46 m/s, for 
both direct greening system and LWS this decrease lead to values of 
wind speed <0,2 m/s then approximated to zero, for indirect greening 
system the reduction detected inside foliage was 0,55 m/s but then in 
the air cavity wind speed increased again.28 
A study conducted by Cameron et al.29 in a temperate climate, in 
winter weather condition, has shown positive influence of a green 
layer by reducing the ‘wind chill effect’; a denser thicker foliage is 
more effective and walls facing the prevailing cold or strong winds are 
likely to gain the highest energy savings. 
 
• Aesthetic  
Urban greening is considered as an effective strategy to beautify the 
built environment: using different kind of plants can create a living 
piece of art that changes its shades according to seasons. 
The positive influence of nature on people’s physical and mental 
health, performance, and wellbeing has been investigated in many 
studies. The restorative effects of natural views on surgical patients 
were examined by Roger Ulrich in a suburban Pennsylvania hospital.30  
 
                                            
27 K.J. Kontoleon et al., The effect of the orientation and proportion of a plant-covered wall 
layer on the thermal performance of a building zone, (2010) 
28 K. Perini et al., Vertical greening systems and the effect on air flow and temperature on 
the building envelope, (2011) 
29 R. W.F. Cameron et al., A Hedera green façade e Energy performance and saving under 
different maritime-temperate, winter weather conditions, (2015)  
30 R. S. Ulrich, View through a window may influence recovery from surgery, (1984) 
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It was found that patients in a room with view to trees, in comparison 
with patient with a ‘built-view’, had shorter postoperative hospital 
stays, had fewer negative evaluative comments from nurses, took 
fewer moderate and strong analgesic doses, and had slightly lower 
scores for minor postsurgical complications. This, in addition to have a 
therapeutic influence on the sick, reduces the cost of medicine and 
nursing attention.  
The trend of users and developers toward greener buildings continues 
to be an important marketing consideration. According to facilities.net 
“In New York City, landlords with attractive green features are 
definitely able to charge a premium.  
 
On the other hand, if it is not correctly designed, a green façade can be 
disadvantageous. In the case of direct greening systems, with plants 
climbing directly against the façade, we can have moisture problems, in 
fact if wet, the surface will dry up more slowly. 
Even if plants protect the surface from ultra violet radiation, driving rain 
and temperature differentials, where damaging has already set in, they 
can indeed accelerate the process of deterioration. 
Maintenance has to be carefully organized since it is one of the highest 
voices of expenses, it consists most of all in pruning and replanting 
greenery and maintenance of the irrigation system. 
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2.4. Historical overview 
 
We can find traces of the use of vegetation in urban context since ancient 
times. 
The hanging gardens of Babylon (figure 12) were said to be built by King 
Nebuchadnezzar II in 600 BC to relieve the depression of his wife Amyitis, 
homesick for her green homeland.  
The Greek geographer Strabo, who described the gardens in first century 
BC, wrote, "It consists of vaulted terraces raised one above another, and 
resting upon cube-shaped pillars. These are hollow and filled with earth 
to allow trees of the largest size to be planted. The pillars, the vaults, and 
terraces are constructed of baked brick and asphalt."  
Moreover, for the irrigation of each level, it should have been designed 
an engineering system to lift up the water from the Euphrates river. 
 
 
Figure 12: Hanging gardens of Babylon. 16th century hand-coloured engraving by Dutch 
artist Maarten von Heenskerk 
The Greeks and Romans as far back as the third century BC are known to 
grow vines along the perimeter and above building atria, “it provided 
shade for the facades, transpirative cooling and had economic value as 
the fruits could all be used” (Kholer 2008). 
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In the Middle Age fruit walls became popular, estate owners grew exotic 
fruit plants on the walls of their internal courtyards. 
 
The first known use of the term pergola dates back to the 1640 by John 
Evelyn at the cloister of Trinità dei Monti in Rome, borrowed from the 
latin term. The Great Italian Renaissance in the 17th century brought new 
life to the pergola: in addition to its aesthetic value, it had a social and 
cultural dimension, the decorated space often became a venue for 
entertainment, recreation and display. The clearly artificial nature of the 
pergola made it fall from favour in the naturalistic gardening styles of the 
18th and 19th centuries, along with gazebo they were used as a structural 
frame support for climbers. 
 
In Iceland Vikings employed vegetation as a protection, they used to 
cover the facades and the roofs of their houses with turf, a top layer of 
soil consisting of plants and roots, to resist harsh weather conditions 
(figure 13). 
 
 
Figure 13: reconstruction of a turf house at Eiríksstaðir in Haukadalur, Iceland 
 
A similar kind of construction were sod houses built by American pioneers 
since the prairie lacked standard building materials such as wood or stone 
while sod from thickly-rooted prairie grass was abundant.  
Sod houses were well insulated but they were often subject to water 
damage from rain, for this reason it is very hard to find any example left. 
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At the end of 19th century, the Irish gardener William Robinson, 
embracing the vernacular style of The Arts and Crafts movement, 
developed ‘wild gardening’, where vegetation was growing, as a natural 
element, even on facades but only as ornament.  
 
According to Kohler (2008), between 1880 and 1940, nearly 200 articles 
are documented under the keywords “green facades” in the most 
important journals of that time while only 19 articles about green roofs 
were published. The focus was on new species (especially decorative 
flowers) for middle class housing for coverage of simple back yard 
facades.  
Starting from the ‘70s, due to growing interest on environmental issues, 
sustainability became a crucial topic. In those years Ian McHarg was 
publishing “Design with nature” focused on ecological planning and 
bioclimatic design while James Wines was founding SITE (Sculpture in the 
Environment) architectural firm, pioneering an emphasis on environment.  
Three of SITE’s showrooms designed for BEST between 1978-1980, the 
Terrarium (unrealized), Rainforest, and Forest showrooms, are exemplary 
in their use of vegetation as a medium of environmental communication. 
The BEST Hialeah Showroom (known as Rainforest Showroom, figure 14), 
where “built objects is treated as an extension of the surrounding 
landscape: the building no longer integrating nature but rather nature 
integrating building”31, was claimed to be, by Wines itself (2005), an early 
example of green architecture using vegetation and water as cooling 
elements. 
 
 
Figure 14: tropical plants were installed between the glass façade and the inner wall, 
BEST Rainforest Showroom in Hialeah, SITE 
                                            
31 P.J. Dean, Delivery Without Discipline: Architecture in the Age of Design (2011) 
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In both Terrarium and Rainforest showroom, vegetation was integrated in 
facades as an “applique”, in Forest showroom in Virginia (figure 15) the 
façade allows the forest to penetrate the envelope trough a fissured brick 
wall, in this case landscape becomes an extension of architecture.  
“Here SITE conceives nature not as something re-sampled or recast as a 
sign of the decorated shed, but rather something to be preserved, 
hyperbolized even, to give the appearance of architecture being invaded 
and consumed by nature”27. In these early works of SITE the influence of 
visual art is strong and it remarks the ability of communicate of these 
buildings as different approaches in greening the envelopes. 
 
 
Figure 15: vegetation invading the building, BEST Forest showroom, SITE 
 
Artist Friedrich Hundertwasser investigated human relationship with 
nature stating that we should religiously respect it, learning how to 
communicate with nature in order to live in harmony with its laws and we 
should tolerate spontaneous vegetation.32 
The loss of connection between mankind and nature should be restored, 
this led Hundertwasser to a refusal of straight lines preferring organic 
forms (evoking Gaudì architecture), and to a massive use of vegetation in 
his projects between 1980 and 1990 like the Hundertwasser House in 
Wien (figure 16).  
                                            
32 W. Schmied, Hundertwasser (2005) 
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The house features undulating uneven floors, a roof covered with earth 
and grass, and large trees growing from the inside of the rooms, with 
limbs extending from windows. 
 
 
Figure 16: Hundertwasser House, Wien 
 
In the 90’s Ken Yeang, a Malesian architect who defines himself an 
ecologist first, introduced bioclimatic skyscraper, using a variety of 
ecological strategies that include building geometry responsive to the 
climate, passive techniques of lighting and ventilation, and building-
integrated vegetation. “We design to create new habitats in our built 
environment and this habitat has to match with nature speeches to create 
what we call bio diversity target so that the entire built environment 
becomes a total living system”33 
Laying out “Design Principles” in a series of cartoon-like diagrams in his 
book Bioclimatic Skyscrapers of 1994, Yeang provides an outline of the 
role technology can play with architecture and the environment 
underscoring the importance of wall devices and climatology.   
                                            
33 Ken Yeang interview on http://www.kenyeang.com 
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Emilio Ambasz’s ACROS Building in Fukuoka (figure 17) is a clear example 
of his statement “the green over the grey”, or “the landscape over the 
building”. 
His aim was to conciliate the entrepreneur’s wish to organize space in a 
profitable way and the necessity of people to have a green public space.  
The boundaries of the existing park were expanded creating a powerful 
and innovative synergy between the landscape and urban forms: Ambasz 
covered the 15 terraces of the south exposed facade with 100.000 
square-meter park returning to the citizens the land that was subtracted 
from them for the construction of the building.  
 
 
Figure 17: ACROS Building, Fukuoka (Japan), Emilio Ambasz 
“I know it sounds presumptuous, but I lay claim to being the precursor of 
current architectural production concerned with environmental problems. 
[…] It has taken me thirty years to prove the practical advantages of my 
ideas. […] To see Renzo Piano, Jean Nouvel, Tadao Ando, and many 
others utilize vegetal matter in their projects makes me feel my mission is 
beginning to bear fruit.”34 
                                            
34 Ambasz quoted in Michael Sorkin, “An Interview with Ambasz & Emilio”, in M. Sorkin, et 
al.,  Analyzing Ambasz (2004)  
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We can state that he hasn’t been that presumptuous since Tadao Ando 
said about Ambasz: “he was the first to draw our attention on nature and 
environment since the beginning of his career, and since then he tried to 
reach a fusion between nature and architecture […] He maintained the 
promise of his first works and he showed us the way for a reformation in 
architecture.” 
 
Jean Nouvel learnt the Ambasz lesson as well: his collaboration with the 
botanic Patrick Blanc, started with an installation from the Cartier 
Foundation in Paris, then continued for the façade of Museum Quai 
Branly (figure 18), is still fundamental in his projects. Blanc’s ‘mur vegetal’ 
is a hydroponic system with felt that allows the growth of brushstrokes of 
different species combining chromatic gradation and heterogeneous 
visual effects. Their last ambitious project is One Central park in Sidney 
(figure 19), the tallest living wall in the world: a park with plants and vines 
climbing the 166-metre glass tower. Using 250 species of Australian 
flowers and plants, the buds and blooms of the vegetation form a musical 
composition on the façade. Blanc said “The building, together with my 
vertical garden, will be an architectural work floating in the air, with plants 
growing on the walls."  
 
 
Figure 18: Quai Branly museum facade, Jean Nouvel and Patrick Blanc 
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Figure 19: combinations of planter boxes, climbers and living wall systems for the One 
Central Park façade in Sidney, Jean Nouvel and Patrick Blanc  
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2.5. Plants features 
 
Green envelope for buildings could be seen as a “hybrid technology” 
that combines building elements with vegetation in a mix of enormous 
potential. The architectural concept of the “envelope” incorporates the 
complex mechanisms that regulate the functioning of plants, thus the 
envelope is no more considered as a boundary between the inside and 
the outside, between man and environment but as an interactive interface 
able to react to different environmental systems.  
It is of fundamental importance to analyse and understand the behaviour 
and the limits of plants and of the technologies necessary for their survival 
in symbiosis with the building, considering plants as technological 
façade components. 
Different types of plants can be analysed taking into account their 
features:  
 
• Origin and geographical distribution 
These are extremely important selection factors. The origin defines 
environmental characteristics that lead plants to develop certain 
growth strategies and biologic functioning, showing then the ideal 
conditions for their application. Geographical distribution allows us to 
understand in which contexts plants are able to survive and acclimatize 
independently of their origin. Plants used for vegetated walls come 
from environments (underworld with high levels of moisture) with 
climate that usually differs significantly from the one of our urban 
regions, therefore it is necessary to know their ability to adapt. 
 
• Form and habit 
 The biological form of plants outlines its habit, a feature that 
determines the tendency to cover surfaces.  
 
• Growth 
If in the case of living wall systems the extension of the vegetation 
depends only on the numbers of panels or modules employed and it 
doesn’t affect the thermal efficiency of the envelope, in the case of 
climbers the information about the growth rate and the habit are 
essential to define the potentialities of each specie.  
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The maximum growth in height is a key element for the design of the 
façade and it is fundamental to know the growing time to be aware of 
their shading or thermal control properties from the beginning of their 
installation. If this factor is not properly taken into account, it is 
possible to face issues in the design results (figure 20). Dimension and 
form are useful parameters to evaluate the effectiveness of plants in 
shading and protecting the building. Growing time could be 
significantly reduced with hydroponics cultures that are usually pre-
grown in nurseries. 
 
 
Figure 20: the design of an inadequate support structure for the vegetation of the 
World Trade Centre in San Marino is causing a remarkable delay on the growth of 
climbers with consequent lack of shading  
 
• Superficial features of leaves  
The main tissues of a leaf are (figure 21):  
o epidermis, superior and inferior external surface;  
o mesophyll, where chloroplasts are located;  
o xylem, upper part of the leaf section that contains vessels for 
water transportation and salts coming from the roots;  
o phloem, lower part of the leaf section that contains elongated 
cells for photosynthesis products transportation;  
o stomata, pores on the leaf surface for the gases exchange 
between the organism and the environment.  
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    Figure 21: leaf section  
 
Stomata are responsible for the evapotranspiration of the leaf: the 
stomatal conductance is the rate of water vapour leaving the plant 
surface trough the pores on the leaf surface during transpiration and it 
depends on the amount of stomatal pores per leaf surface and the 
pore size.  
Stomatal pores occupy 0.2%-2% of the leaf surface and could be 
located on both surfaces of a leaf (amphistomatous leaves) or only on 
the lower surface (hypostomatous leaves). Stomatal pores control the 
gas exchange between the plant and its environment by adjusting the 
size of pore apertures, depending on the plant’s needs and external 
conditions, including the illumination level, air temperature, relative 
humidity, and solar radiation.  
Stomatal resistance tends to increase with higher air temperature and 
lower relative humidity, which is a reaction by plants to conserve 
moisture35. 
 
                                            
35 Gates, Biophysical Ecology, (1980) 
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• Phototropism 
It is the ability of leaves of orienting in the best configuration to 
receive the maximum solar radiation.  
This process allows the leaves to get the maximum amount of energy 
to start photosynthesis, in some species it is more noticeable: the 
plane of the leaf tends to be perpendicular to the radiation direction.  
Plants could be working not only as a screen for the building during 
the day but also as flux controllers during the night. In fact when the 
sun sets the foliage layer gets more compact protecting from the re-
emitted infrared radiation. 
 
 
Figure 22: during the winter, the lower position of the sun led the leaves to assume a 
more compact configuration, protecting more the surfaces behind. 
 
• Seasonality  
This is one of the most important features for the design of a green 
façade, it takes into account the impact on plants of the changing 
temperatures, humidity rates and hours of sun, over the seasons. 
Depending on the needs of the building and of the users, an 
evergreen or a deciduous species can be chosen, and this choice is 
remarkable for the microclimate control. 
For climbers the choice of deciduous species allows the leaves to 
protect the façade from solar radiation in summer while letting the sun 
heat the surface in winter.  
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On the other hand, evergreen species, even if they slow down their 
growth rate during the winter, they guarantee a protection against 
weathering all year long.  
These species are less tolerant to high temperature, they are usually 
employed for north facing walls since even in winter they are 
beneficial for the energy balance of the building.  
It’s not possible to describe seasonality for plants grown with 
hydroponics method because of the huge amount of different species 
with different features. 
Flowering, even if it doesn’t affect the thermal properties of the green 
envelope, could be a pleasant visual and olfactory feature that must 
be taken into account for the design of the façade, on the other hand 
it must be noticed that flowers attract insects. 
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2.6. Typical plants for greening wall systems 
 
Plants used for direct and indirect greening system are climbers that may 
or may not need supports while plants for living wall systems are pre-
grown in nurseries with hydroponic systems and they require specific 
nutrients in addition to water. 
 
 
2.6.1. Direct greening system: self clinging climbers 
 
Generally these plants do not need any support but they may need it on 
very smooth walls, they have a strong tendency to grow upwards towards 
the light (phototropism). They are divided into aerial roots species, such 
as Hedera helix, Hydrangea petiolaris, Euonymus fortunei, and suckers, 
like Parthenocissus tricuspidata (boston ivy). Their features are described 
in table 1. 
 
Table 1: direct greening plant species D deciduous, E evergreen, A annual; N native, E 
exotic 
Species D 
E 
A 
Aspect 
preferred 
tolerated 
Growth 
Rate 
Soil N 
E 
Features 
 
Hedera 
helix 
(fig.23) 
 
E 
 
N E S W 
 
Slow 
 
Rich 
 
N 
 
Excellent wildlife plant. 
Good nesting site for robins 
and wrens, and hibernating 
butterflies. 
Nectar and pollen for bees 
and hoverflies. 
 
Parthenocissus 
tricuspidata 
(fig.24) 
 
D 
 
N E S W 
 
Fast 
 
Any 
 
E 
 
Flowering plant in the grape 
family growing to 30 m tall or 
more given suitable support, 
attaching itself by means of 
numerous small branched 
tendrils tipped with sticky 
disks 
 
Hydrangea 
petiolaris 
(fig.25) 
 
E 
 
N E W 
 
Average 
 
Loamy 
 
E 
 
Good for nesting birds and 
produces nectar for bees and 
other insects. It grows up to 
15 m height 
 
Euonymus 
fortunei 
(fig.26) 
 
E 
 
N E W 
 
Slow 
 
Any 
 
E 
 
Shrub which grows as a vine if 
provided with support up to 
20 m height 
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Figure 23: Hedera helix, common ivy or English ivy (aerial roots) 
   
Figure 24: Parthenocissus tricuspidata, Boston ivy, Japanese creeper (suckers) 
   
Figure 25: Hydrangea petiolaris 
   
Figure 26: Euonymus fortunei, winter creeper 
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2.6.2. Indirect greening system: climbers with supports 
 
According to Ottelè climbers that need a support are divided into: 
twining climbers, tendril climbers and ramblers. Their features are 
described in table 2. 
 
• Twining plants’ stem twists itself with a helical motion around wires or 
other supporting systems that are placed with a distance from the 
façade depending on the expected braches growth. Examples are 
Aristolochia and Wisteria. 
 
• Tendril climbers have leaf or leaf stem (e.g. Clematis or Partenocissus 
quinquefolia) that can twist like a corkscrew around a support that can 
be a grid, wires, rods or slats (trellis type). 
 
• Ramblers are growing by weaving trough a supporting system, where 
they hook with thorns and spines. They tend to grow three-
dimensional and often need human intervention to be held flat against 
the façade. (e.g. Jasminum nodiflorum, Rosa canina) 
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Table 2: indirect greening plant species D deciduous, E evergreen, A annual; N native, E 
exotic 
 
Species D 
E 
A 
Aspect 
preferred 
tolerated 
Growth 
Rate 
Soil N 
E 
Features 
 
Aristolochia 
(fig.28) 
 
D 
 
N  S W 
 
Average 
 
Moist 
 
E 
 
 
 
Wisteria (fig.29) 
 
D 
 
E S W 
 
Average 
 
Rich 
Moist 
Loam 
 
E 
 
Excellent nectar and pollen for 
bees. Can be used by nesting 
 
Parthenocissus 
quinquefolia 
(fig.30) 
 
D 
 
N E S W 
 
Average 
 
Any 
 
E 
 
Useful for nesting birds if 
grown on a trellis. Provides 
nectar and pollen for bees. 
May attract nesting spotted 
flycatcher. 
 
Clematis (fig.31) 
 
D 
 
E W 
 
Fast 
 
Various 
 
E 
 
Useful nectar and/or seed 
providers. Useful for nesting 
sites if trained thickly on a 
trellis. 
 
Lonicera 
Periclymenum 
(fig.31) 
 
D 
 
E S W 
 
Average 
 
Good 
Loam 
 
N 
 
Must be kept bushy for 
nesting birds. Excellent for 
insects, especially moths, due 
to night-scented flowers. Bark 
from older stems used by 
nesting birds. 
Berries eaten by birds. 
 
Humulus 
lupulus (fig.32) 
 
D 
 
E S W 
 
Fast 
 
Rich 
Moist 
 
N 
 
Good for bees 
 
Jasminum 
officinale 
(fig.33) 
 
D 
 
E  W 
 
Fast 
 
Well 
drained 
 
E 
 
Night-scented, attracting 
moths and other night-flying 
insects. 
 
Campsis 
radicans (fig.34) 
 
D 
 
E S W 
 
Slow 
 
Rich 
Well 
drained 
 
E 
 
 
 
Jasminum 
nudiflorum 
(fig.35) 
 
D 
 
N S W 
 
Average 
 
Most 
 
E 
 
 
 
Rosa canina (fig. 
36) 
 
D 
 
E S W 
 
Average 
 
Good 
 
N 
 
Night-scented for moths.  
Nectar for insects, rosehips for 
birds and small mammals. 
Good nesting cover for birds. 
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Figure 27: Aristolochia tagala, Indian birthwort 
   
Figure 28: Wisteria floribunda, Japanese Wisteria 
 
   
Figure 29: Parthenocissus quinquefolia, Virginia creeper 
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Figure 30: Clematis apiifolia and Clematis alpina 
   
Figure 31: Lonicera periclymenum, honeysuckle or woodbine 
 
   
Figure 32: Humulus Lupulus, common hop or hop 
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Figure 33: Jasminum officinale, common Jasmine 
   
Figure 34: Campsis radicans, trumpet vine or trumpet creeper 
 
   
Figure 35: Jasminum nudiflorum, winter Jasmine 
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Figure 36: Rosa canina, dog-rose 
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2.6.3. Living wall systems 
 
Plants employed in living wall systems are generally pre-grown in 
nurseries and assembled in the prefabricated panels trough a substrate 
(that can be felt, perlite, foam).  
There are thousand of species but the most popular are: epiphytes, 
xerophytes, groundcovers, turf.  
 
• Epiphytes 
From the Greek “epi” (upon) and “phyton” (plant). 
Epiphytic plants grow harmlessly upon other plants trough their aerial 
roots and derive nutrients from moisture and rain trough trichomes 
located on the leaves surface. Epiphytes are typical of tropical and 
subtropical forests. Therefore in Italy it is not easy to recreate the 
adequate environment for their survival: high humidity levels and 
temperatures higher than 10° C. It would require, indeed, huge 
quantities of water, epiphytes may also not tolerate hot summer. For 
these reasons, even if epiphytes became popular (thanks to the work 
of the botanic Patrick Blanc) they are not suitable for vertical greening 
systems in Mediterranean climate. Moreover since they get 
nutriments from air they suffer for polluted environment such as the 
urban environment. 
Examples are: Athyrium filix-femina (figure 37), Athyrium niponicum 
(figure 38), Dryopteris affinis (figure 39), Dryopteris erythrosora (figure 
40). 
 
• Xerophytes 
From Greek “xero” (dry) and “phyton” (plant).  
Xerophytes are plants that have adapted to survive in an environment 
with little liquid water, such as a desert or an ice or snow-covered 
region. Stomata may open only at night in order to reduce 
evaporation. In nature they grow on rocky surfaces therefore they 
have been largely employed on green roofs for their strength and 
their little need of maintenance. Sedum are the most popular species: 
the chromatic variety given by the wide range of leaves and flowers 
colours and their tendency to form uniform surfaces (not usual for 
xerophytes in general) are the most appreciated features.  
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Examples are: Sedum sarmentosum (figure 41), Sedum sexangulare 
(figure42), Sedum spurium (figure 43), Sedum acre (figure 44), Sedum 
album (figure 45), Sedum reflexum (figure 46). 
 
• Groundcovers  
Include all the species that usually grow in width keeping a low height 
(15-100 cm), they have voluminous foliage but low density with very 
small leaves. These species are particularly suitable for growing 
vertical because their roots are arranged parallel to the ground 
(stolons) creating a dense net that contributes to the cohesion of the 
substrate. They don’t need excessive maintenance: they have to be 
irrigated once a week and pruned every one or two years.  
Examples are: Hypericum calycinum (figure 47), Stachys lanata (figure 
48), Arabis caucasica (figure 49), Heuchera sanguinea (figure 50), 
Lysimachia nummularia (figure 51), Vinca major (figure 52). 
 
• Grass 
This is one of the most interesting application, there are, indeed, 
many nurseries specialized in the production of roll out turf or instant 
lawn (usually for playing fields).  
Grass panels allow keeping low width and weight values for the 
façade system but they don’t allow a wide variety of colours.  
Grass, as groundcovers, has stolons that guarantee a compact and 
continuous surface resistant even with critical weather conditions. 
Lawn is extremely functional for microclimatic control but it needs 
large amount of water especially in summer.  There are megathermal 
and microthermal species. The first ones are suitable for hot climate, 
under 20°C they slow down their growth until stopping it at 10°C, 
close to 0°C they loose their green colour and become inactive.  
Examples are: Zoysia japonica (figure 53), Zoysia matrella (figure 53), 
Dicondra repens (figure 53), Cynodon dactilon (figure 54), Paspalum 
vaginatum (figure 54), Stenotaphrum secundatum (figure 54).  
Microthermals are instead a good option to cover shady surfaces and 
they tolerate cold climate.  
Examples are: Festuca arundinacea (figure 55), Festuca rubra (figure 
55), Poa pratensis (figure 55). 
 44 
Epiphytes 
 
   
Figure 37: Athyrium filix-femina 
 
   
Figure 38: Athyrium niponicum 
 
   
Figure 39: Dryopteris affinis 
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Figure 40: Dryopteris erythrosora 
 
 
 
Xerophytes 
     
   
Figure 41: Sedum sarmentosum, stringy stonecrop, gold moss stonecrop 
     
    
Figure 42: Sedum sexangulare, tasteless stonecrop 
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Figure 43: Sedum spurium, Caucasian stonecrop or two-row stonecrop 
 
   
Figure 44: Sedum acre, goldmoss stonecrop, mossy stonecrop, biting stonecrop 
 
   
Figure 45: Sedum album, white stonecrop 
 
   
Figure 46: Sedum reflexum or sedum rupestre, reflexed stonecrop 
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Groundcovers   
    
 
Figure 47: Hypericum calycinum 
 
 
Figure 48: Stachys lanata or byzantina, lamb’s ear, wolly hedgenettle 
 
 
Figure 49: Arabis caucasica, garden arabis, caucasian rockress 
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Figure 50: Heuchera sanguinea 
 
 
Figure 51: Lysimachia nummularia, creeping jenny 
 
 
Figure 52: Vinca major 
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Grass 
 
     
Figure 53: Zoysia japonica, Zoysia matrella, Dicondra repens (megathermals) 
 
     
Figure 54: Cynodon dactilon, Paspalum vaginatum, Stenotaphrum secundatum 
(megathermals) 
 
     
Figure 55: Festuca arundinacea, Festuca rubra, Poa pratensis (microthermals) 
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3. SUSTAINABILITY 
 
 
3.1. Comparative analysis between greening systems 
 
A sustainable construction could be described as a way of designing and 
constructing building that support human health (physical, psychological 
and social) and which is in harmony with nature, both animate and 
inanimate. The aim of this comparative analysis is to understand which 
system is more suitable for the retrofit of an existing building taking into 
account not only the benefits gained but also the economic sustainability 
and the environmental impact. 
 
 
Figure 56: sustainability as a combination of environmental sustainability, economic 
sustainability and benefits 
 
The main benefit of a greening system applied to the façade, in a 
mediterranean climate, is the energy saving for cooling in summer. 
In the following figures taken from the study “Vertical greening systems: 
contribution on thermal behaviour on the building envelope and 
environmental sustainability” drawn up by Perini et al. is shown the 
temperature development after 8 hours of heating (35°C) in summer for 
different systems: direct, indirect, LWS, based on felt layers, LWS based 
on planter boxes.   
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Steady-state (stationary condition) heat transfer measurements were 
made through an insulated (mineral wool) cavity wall with attached the 
different vertical greening systems.  
All the greening systems, for the summer condition, reported lower 
average temperature of the wall surface compared to the bare wall after 8 
hours of heating. 
 
 
Figure 57: wall temperatures for direct greening system 
 
 
 
Figure 58: wall temperatures for indirect greening system 
For the direct and indirect greening the difference of temperature is 
reaching 1.7°C and 1.9°C respectively 
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Figure 59: wall temperatures for LWS based on felt layers 
 
Figure 60: wall temperatures for LWS based on planter boxes 
 
For the living wall system based on felt layers temperature difference 
reached 7.2°C and for the planter boxes system it was found that the 
average temperature of the wall surface is up to 5.8°C lower compared to 
the bare wall.  
 
Cooling potential is highly related to energy savings however we have to 
evaluate and compare also the costs of these systems. 
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According to Perini et. al36, considering the large amount of systems 
available in the European market it is possible to give a range of costs for 
vertical greening systems per m2 : 
• direct greening system (grown climbing plants), 30-35 €/m2 
• indirect greening system (grown climbing plants + supporting 
material), 40-75 €/m2 
• indirect greening system with planter boxes  
- zinc coated steel (galvanized steel), 600-800 €/m2 
- coated steel, 400-500 €/m2 
- HDPE, 100-150 €/m2 
• living wall system based on planter boxes HDPE, 400-600 €/m2 
• living wall system based on foam substrate, 750-1200 €/m2 
• living wall system based on felt layers, 350-750 €/m2 
 
The cost can vary inside the range depending on the façade surface and 
height, location, connections etc. 
Living wall systems are clearly the most expensive because they require a 
more accurate design, more maintenance and also they involve different 
materials.  
It also has to be taken into account the durability of the systems, for 
example a panel of a LWS based on felt layers has an average life 
expectancy of ten years whereas the LWS based on planter boxes is more 
durable (more than fifty years). 
 
The study drawn up by Perini et al.“Cost-benefit analysis for green 
façades and living wall systems” 37 presents a more accurate cost analysis 
(table shown in figure 61) that takes into account multiple voices (initial, 
maintenance, disposal) for each system. 
For indirect greening systems a plant replacement frequency of 5%/year 
is assumed, while for LWS this is 10%. Water pipes of the automated 
watering systems needed for the living wall system and for the indirect 
greening systems have to be replaced every 7.5 years due to crystallizing 
of salts. 
                                            
36 K. Perini et al. Greening the building envelope, façade greening and living wall systems, 
(2011) 
37 K. Perini et al., Cost-benefit analysis for green façades and living wall systems, (2013) 
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Figure 61: costs related with the installation of vertical greening systems 
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In order to be able to quantify the benefits of a greening system, 
qualitative benefits, such as increase of biodiversity or urban heat island 
reduction, cannot be taken in account.  
On the other hand quantitative benefits accounted are: energy saving for 
heating and cooling, increase of the building façade longevity, higher 
property value. 
 
The benefits depend on plants growing speed. For the direct and indirect 
greening systems the full covering of the façade by H. helix is estimated 
after 15 years (0.5 m/year of vertical growing38) so the benefits are 
calculated after 10 years from the installation. For the indirect greening 
systems with planter boxed benefits are calculated after three years and 
for the living wall system benefits are calculated after installation of 
prefabricated modules (after one year). 
 
The economic sustainability of each solution is then calculated by mean of 
three indicators:  
• Net Present Value (NPV), the discounted value of the sum of costs 
and benefits that occur within the period of life considered; 
• Internal Rate of Return (IRR), the annual percentage rate of return on 
investment; 
• Pay Back Period (PBP), the number of years from which the total 
revenue equals (or exceeds) for the first time the total costs. 
 
The evaluation is developed in relation to three possible scenarios:  
• best (lowest installation and maintenance costs, highest increase in 
rental income, highest annual saving for air conditioning, lowest 
annual inflation rate, lowest discount rate, etc.),  
• middle (ordinary values)  
• worst, (highest installation and maintenance costs, lowest increase in 
rental income, lowest annual saving for air conditioning, highest 
annual inflation rate, highest discount rate). 
 
The analysis period to study the economic aspects (CBA, cost-benefits 
analysis) is based on a service life of 50 years. 
                                            
38 A. Bellomo, Pareti verdi: linee guida alla progettazione, (2003) 
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Figure 62: Indicators of economic sustainability 
 
 
 
 
• The Direct green façade (1, figure 62) is economically sustainable 
for all the scenarios assumed in this study since it doesn’t involve 
any supporting material or irrigation system and it has a low 
requirement for maintenance. The average pay back period is of 
20 years. 
 
• The Indirect green façade (2AeB, figure 62) can be sustainable 
depending on the material used for the supporting system. In the 
case of HDPE mesh the NPV are positive for middle and best 
scenario with a pay back period of 16 years (best scenario); the 
higher initial costs for the indirect greening system based on steel 
mesh determine a positive NPV only for the best scenario. Indirect 
green façade combined with planter boxes (3Ae3B) presents a 
minimum economic sustainability only for the best scenario due to 
its installation and maintenance costs (supporting system and 
watering system).  
 
• The living wall system analysed in this study cannot be considered 
economically sustainable due to high (compared with the other 
greening systems analysed in this study) installation and 
maintenance costs. 
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This cost-benefit analysis has to be combined with an environmental 
analysis that takes into account the impact on the environment of each 
system. A study by Ottelé et al.39 shows the environmental burden in 
terms of global warming, human toxicity and fresh water aquatic 
ecotoxicity for 5 different systems: bare wall, direct, indirect, LWS based 
on planter boxes, LWS based on felt layers (figure 63, 64, 65). 
 
 
Figure 63: environmental burden profile given for global warming, human toxicity and 
fresh water aquatic ecotoxicity 
 
Figure 64: benefits in mediterranean and temperate climate 
                                            
39 M. Ottelé et al., Comparative life cycle analysis for green facades and living wall systems, 
(2011) 
 59 
 
Figure 65: environmental burden profile in relation with the energy savings for air 
conditioning and heating (Med.= Mediterranean climate Temp.= Temperate climate) 
 
Although the vertical greening systems examined in these studies are not 
always the same it is possible to summarize the characteristic of the 
principal ones (direct, indirect, LWS based on planter boxes and LWS 
based on felt layers). 
 
• The direct greening system has a very small influence on the total 
environmental burden, since it doesn’t involve any additional 
material it is always a sustainable choice. Even if it is also the less 
expensive, this system gives the lowest benefits in terms of energy 
saving for cooling. 
 
• The indirect greening system analysed for the environmental study 
is based on stainless steel supports and this material has a high 
influence on the total environmental burden.  
In fact the environmental burden for stainless steel is based on 30% 
of recycled stainless for the production process.  
This is a common percentage but it could be higher, leading to a 
lower environmental burden. On the other hand, the choice of 
another support material more environmentally and economically 
sustainable, such as wood trellises or HDPE mesh, can lead to a 
sustainable option for the Mediterranean climate thanks to the 
energy saving for heating and air conditioning. 
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• The LWS based on planter boxes has not a major footprint due to 
the materials involved, since the materials affect positively the 
thermal resistance of the system.  
The environmental burden profile could be further improved by a 
higher integration within the building envelope (combining 
functionalities). 
 
• The LWS based on felt layers has a high environmental and 
economical burden since the durability aspect plays an important 
role: it is necessary to replace the panels five times in a service life 
of 50 years and it is difficult to recycle them. 
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3.2. Plant-BES (energy production from plants) 
 
Recently scientists have found that it is possible to produce energy by 
plants. This technology still needs more investigations but it opens new 
horizons to green energy production. 
Plant-BES technology can be easily integrated in a living wall system and 
can be used, for example, for the production of energy necessary to 
power water system. 
 
Plant-BES is a plant bio electrochemical system that harnesses solar light 
and generates electrical current.40 
Trough photosynthesis plant produces organic matter (C6H12O6) from 
solar light, CO2, H2O (figure 66). 
These so called exudates (rhizodeposits) are partly transported via the 
plant’s roots into the soil and utilized by electrochemically active micro-
organisms. These bacteria break down organic matter yielding carbon 
dioxide, protons and electrons.  Carbon dioxide is returned to the 
atmosphere while an anode collects the electrons.  The anode is coupled 
to a cathode and thanks to a potential difference between anode and 
cathode, the electrons flow from the anode through an external electrical 
circuit (power harvester) with a load to the cathode.  
The cathode, in order to retain electro-neutrality, receives the protons 
and consumes the electrons by recombining them with oxygen to form 
water.41 
 
Electricity production depends on several processes like photosynthesis, 
allocation of fixed carbon to the roots, rhizodeposition of carbon-sources 
to the rhizosphere and electron generation by the microorganisms in the 
rhizosphere. Based on model and experimental results a maximum 
energy production up to 3.2 W/m2 can be achieved, until nowadays 0.2 
W/m2 long term-output and peaks of 1.1 W/m2 were reached.42 
 
                                            
40 A. J. McCormick et al. Biophotovoltaics: oxygenic photosynthetic organisms in the world 
of bioelectrochemical systems (2015)  
41 Department of Biochemistry of Cambridge University website (Chris Howe group): 
http://www.bioc.cam.ac.uk/howe/p2p/p2p-plant-bes 
42 Final Report Summary, PlantPower - Living plants in microbial fuel cells for clean, 
renewable, sustainable, efficient, in-situ bioenergy production, Wageningen University 
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Figure 66: plant bio electrochemical system 
 
 
A recent project developed by Professor Christopher Howe and Dr Paolo 
Bombelli of the Department of Biochemistry of Cambridge University, in 
collaboration with other scientists and professionals, integrate the use of 
this technology with a living wall system and solar panels. 
Plant to Power P2P is a self-powered sustainable hub, a prototype for a 
bus shelter, designed by MCMM architects. 
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Eight vertical green wall units (created by Scotscape) are housed along 
with four semi-transparent solar panels and two flexible solar panels 
provided by Polysolar.  
The thin-film solar panels turn light into electricity. Plants grow behind the 
solar glass, sharing the light by utilising the red spectrum radiation 
needed for photosynthesis, while avoiding the scorching effect of UV 
light. The plants generate electrical currents as a consequence of 
photosynthesis and metabolic activity during the day and night.43 
 
 
 
Figure 67: Plant to Power (P2P) bus shelter prototype 
  
                                            
43 Cambridge University website:  http://www.cam.ac.uk/research/news/low-impact-hub-
generates-electrical-current-from-pure-plant-power 
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4. VEGETATION MODEL 
 
 
4.1. Description of the model 
 
The living wall system is here simplified in order to develop a 
mathematical model of its thermal behaviour, the façade is represented 
with three layers: the vegetation, an air cavity and the existing wall.   
The model takes into account the heat transfer processes involved in the 
energy balance of a green layer applied to a facade: absorption of solar 
radiation; sensible heat exchange by convection between the vegetation 
and the surrounding air and between the vegetation and the air cavity; 
infrared energy exchange between the vegetation and the surrounding, 
the vegetation and the ground, the vegetation and the external surface of 
the wall; latent heat expelled by the plant trough transpiration.  
In this model energy for metabolic processes (necessary for 
photosynthetic or catabolic reaction), the store of energy in the layers and 
conduction trough plants have been considered negligible. 
 
Model assumptions based on previous studies (Zhang44, Campbell45, 
Stec46, Alexandri47, Sailor48, Susorova49, Larsen50) are summarized below: 
 
• The model considers plant only during the growing season 
• Leaves are uniformly distributed and oriented in the vegetation layer 
• Plant parameters including leaf absorptivity, leaf dimension, leaf area 
index, radiation attenuation coefficient and plant stomatal resistance 
are constant and do not change with season  
• Heat flow trough a layer of vegetation occurs only horizontally; vertical 
heat flux is not considered 
                                            
44 J. Q. Zhang et al., A heat balance model for partially vegetated surfaces, (1997) 
45 G. S. Campbell, J. M. Norman, An introduction to environmental biophysics, (1998) 
46 W. Stec et al., Modelling the double skin facade with plants, (2005) 
47 E. Alexandri et al., Developing a one-dimensional heat and mass transfer algorithm for 
describing the effect of green roofs on the built environment: comparison with experimental 
results, (2007) 
48 D.J. Sailor, A green roof model for building energy simulation programs, (2008) 
49 Susorova, M. Angulo, P. Bahrami, B. Stephens, A model of vegetated exterior facades for 
evaluation of wall thermal performance, Building and Environment 67 (2013) 1-13 
50 S. Flores Larsen et al., Modeling double skin green facades with traditional thermal 
simulation software, (2015) 
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• The level of soil moisture at plant roots is constant; no precipitation is 
considered 
• Air beneath stomatal pores is saturated with water 
 
 
     
     Figure 68: heat transfer mechanisms in the façade 
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4.2. Calculations 
 
In order to determine its thermal properties, the energy balance of the 
green layer is here calculated. The solar radiation incident on the green 
façade is partially reflected, absorbed, and transmitted by the foliage, 
which are described by solar reflectivity, absorptivity, and transmissivity, 
respectly. A fraction of the absorbed energy is transformed into latent 
heat, causing transpiration to appear in the leaves’ surfaces, and part into 
sensiblet heat, causing an increase in the foliage temperature. Heat is 
transferred by convection from both sides of the foliage layer to the 
adjacent air, described by the heat transfer coefficients ℎ!,!"# , ℎ!,!". 
Radiative heat exchange between the foliage and the surroundings is 
described by LR and XR. 
 
 
Figure 69: energy balance in the foliage layer 
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The energy balance of the green layer: !"+ !+ !"+ !"− !! = ! 
 
where: 
a) !" is the shortwave radiation (W/m2)  
b) ! is the convection to/from the green façade (W/m2) 
c) !" is the longwave radiative exchange between the plant layer and 
the surrounding (W/m2) 
d) !" is the radiative exchange between the plant and the wall  (W/m2) 
e) !! is the latent heat expelled trough evapotranspiration process  
(W/m2) 
f) ! is the heat storage in the green façade (usually neglected Zhang et 
al. 1997) (W/m2) 
 
a) !"  !" =  !!!! 
with:  
• !! = 0,5 leaf absorptivity for solar radiation, unitless  
Leaf absorptivity, which depends on leaf colour, leaf texture, 
and plant age, helps plant to avoid overheating in hot climates 
and to intercept more radiation in cold climates. Plant features 
such as a layer of wax on the leaf surface, leaf pubescence, 
thorns and salt crystals, can vary leaf absorptivity. According to 
Campbell the average leaf absorptivity is 0,4-0,6. 
• !! total solar radiation incident on the green façade (W/m2) 
 
b) !  ! = ℎ!,!"# !!"# − !! + ℎ!,!"(!! − !!) 
with: 
• ℎ!,!"# convective heat transfer coefficient between the foliage 
and the outdoor environment W/m2K 
• ℎ!,!! convective heat transfer coefficient between the foliage 
and the air cavity W/m2K 
• !!"# external temperature (K) 
• !! air cavity temperature (K) 
• !! green layer temperature (K) 
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Leaf surface temperature is a complex function of multiple 
factors such as solar radiation, air humidity, wind speed, and 
internal leaf carbon dioxide concentration.  
The leaf surface temperature !! in vegetation model is found 
using the calculations by Campbell (Campbell 1998) that give a 
result in °C: !!(°!) = !!"# + !!! + !! !!"#$!!!!!,!"# − !!!"#!!  
 
c) !"  !" = !!!!!"#$%& !!"#$%&! − !!! + !!!!!"#(!!"#! − !!!) 
with: 
• !!"#$%& temperature of the ground which is assumed to be the 
same as the outside air temperature !!"#.  
• !! = 0,95 infrared emissivity of vegetation, unitless  
• ! Stephan-Boltzmann constant ! = 5,67 ∙ 10!! !!!!! 
• !!"# sky temperature evaluated trough Straube and Burnett 
relationship:51 !!"# = !!"# !!"# !,!" !!"# = 0,8+ !!"#$%&'(!"#    sky emissivity (Bliss formula)52 
• ! = 0,5 view factor calculated as: !!" = 0,5 1− !"#$  !!"# = 0,5 1+ !"#$  ! is the tilt angle of the façade surface in relation to the ground 
(=90° for a vertical surface). 
 
d) !"  !" = ! !!!!!! + !! − !!!! !!,!"#! − !!!  
with: 
• !! infrared emissivity of the wall, unitless 
• !!,!"# 
 
 
 
                                            
51 J. Straube, E. Burnett, Building science for building enclosures, (2005) 
52 U. Eicker, Energy Efficient Buildings with Solar and Geothermal Resources, (2014) 
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e) !!  
it can be calculated as !! =!" ! is the specific heat of water evaporation ! = 249 !"!" ! is the water evaporated in g/sm2 that can be determined using the 
Penmann-Monteith equation:  
 ! = Δ !" + !" + !" + ! + !!"#!!,!"#! !!! Δ+ γ 1+ !! !!  
 = Δ !" + !" + !" + !! Δ+ γ 1+ !! !! + !!"#!!,!"#! !!! Δ+ γ 1+ !! !!  
 
with: 
• ! heat absorbed by the soil negligible when compared to other 
contributions ! ≅ 0 
• !!"# air density (kg/m3)  
• !! stomatal resistance  (s/m) 
• !! aerodynamic resistance  (s/m) 
It is the resistance to moisture and heat exchange offers by the 
boundary layer formed on the leaf surface, it depends on wind 
speed and surface roughness. The aerodynamic resistance in 
s/m of a single leaf is defined as (Bonan 2008):53 !!,!"#$ = 0,5!!"#!!,!"#!!!"#!"  !!"# air conductivity   (W/m K) 
The 0,5 factor accounts for the reduction of the boundary layer 
resistance !! of a leaf with both sides transferring heat to the 
environment (!!,!"#$ = 0,5!!). 
Bonan calculated !! in relation to leaf sizes of 1-10 cm and air 
speed 1-10 m/s 
!! = 200 !! 
For a canopy the aerodynamic resistance should include the 
contribution of all leaves, for plants with LAI<3 (low leaf area 
index)  
                                            
53 G.B. Bonan, Ecological Climatology: concepts and applications, (2008) 
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!! = !!,!"#$!"#!"#$%& !"#!"#$%& = 0,5!"# (Malys et al 2014) 
 
Stec et al. proposed a simplified equation to calculate !! !! = !(!" + !" + !" + !) 
This expression, in specific conditions, can be compared to Penmann-
Monteith equation to calculate x, the ratio of latent heat expelled from 
the plant to total absorbed radiation by the plant. 
In fact when the actual vapor pressure of the air !! is near the 
saturation vapor pressure !! ! , (humid environment) ! ≅ 0 or when 
the aerodynamic resistance is high (low air velocities near the plant), 
the second term in the equation is negligible 
 !!"#!!,!"!! !!! Δ+ γ 1+ !! !! ≅ 0 
 
and x can be estimated as ! = !!(!" + !" + !" + !) = Δ! Δ+ γ 1+ !! !!  
 
f) !  
usually neglected, it can be calculated as  ! = !!! !!! !"!!"  
with !! thickness of the foliage layer (m)  
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4.2.1. Leaf temperature (see 4.4.1 for tables) 
 !!(°!) = !!"# + !!! + !! !!"#$!!!!!,!"# − !!!"#!!  
 
where: 
 
• !!"# external temperature (°C) 
• ! = ∆!!"# 
• ∆ is the slope of the saturation vapor pressure function: ∆=  !"! !! !    (KPa/°C)   Campbell 1998 (see related table) ∆= !"#$!! !!"#,!!!!"# ! (KPa/°C)   Susorova 2013 
• !!"# atmospheric pressure (KPa)  
• !!,!"# is the specific heat of air at constant pressure (J/mol °C) 
• !! !  is the saturation vapor pressure at temperature T:  !! ! = 0,6108! !",!" !!"#!!"#!!"#,!    (KPa)  see table 
• !! is the actual vapor pressure:  !! =  !! ! !"!""  (KPa) 
• ! is the vapor deficit of air:  ! = !! ! − !!  (KPa) 
• !! is the apparent psychrometric constant !! = !!!!!!   (1/°C) 
• ! is the thermodynamic psychrometric constant which at the sea 
level is about 6,66x10-4 °C-1 
• !!! is the convective-radiative conductance : !!! = !!! + !!    (mol m-2 s-1) 
• !!! boundary layer conductance : !!! = 1,4 ∙ 0,135 !!    (mol m-2 s-1) ! is the wind speed  (m/s) ! is the characteristic dimension of the leaf,  ! = 0,72 ∙ !"#$ℎ   (m) 
• !! radiative conductance given by table, Campbell (mol m-2 s-1) see 
table 
• !! conductance for vapor (mol m-2 s-1) 
for amphistomatous leaves (with stomates on both sides)  !! = 0,5!!"!"!!"!!"!" + !!! + 0,5!!"!"!!"!!"!" + !!"  
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if the leaf has stomata only on one side (usually the abaxial) is 
called hypostomatous and the eq. becomes:  !! = 0,5!!"!"!!"!!"!" + !!"  
for amphistomatous leaves equal abaxial and adaxial conductances !! = !!"!!"!!" + !!" 
• !!" boundary layer conductance for vapour !!" = 1,4 ∙ 0,147 !!    (mol m-2 s-1) 
• !!" surface or stomatal conductance for vapour  
Susorova: typical stomatal conductance values for leaves are 0,002-
0,010 m/s (0,02-0,40 mol/m2s) that corresponds to stomatal 
resistance values of 100-500 s/m (2,5-13 m2s/mol), Susorova 
assumed for her model a stomatal conductance 0,2 mol/m2s 
(stomatal resistance of 200 s/m) ; Flores Larsen assumed a stomatal 
resistance of 160 s/m, typical of climbers. 
Where approximate conversion for stomatal resistance at sea level 
for 25°C is54 !! !!!!"# = 0,025!!  !!  
• !!"#$ is the net radiation absorbed by a layer of plants  (W/m2) !!"#$ = !!!! + !!!! !!"#! + !!"#$%&! − !!! !!"# !    (Susorova) !!"# external temperature (°K) 
 
 
 
 
 
 
 
  
                                            
54 J. Price, Green facade energetics. Master of Science Thesis, University of Maryland (2010) 
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Figure 70: Table from Campbell to determine !! and ∆ 
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4.2.2. Convective coefficients (see Annex for tables) 
 ℎ! = !" !!  
 
where: 
 
• ! air thermal conductivity (W/mK) 
• ! building height (m) 
• !! Nusselt number, unitless, it depends on the regime of 
convection, evaluated trough the fraction !" !"!: 
 !" !"! ≪ 1 forced convection, not usual for vertical green walls 
 !" !"! ≅ 1 mixed convection, !" = 0,405(!"#" + 6,92!"!"!)!,!"55  
  !" !"! ≫ 1 free convection !" = 0,59(!"#")!,!"  56 
where: 
• !" = !"#!   Reynolds number, unitless ! air density (kg/m3)  ! wind speed (m/s) ! dynamic viscosity (Kg/sm) 
• !" = !"!!!!!!  Grashof number, unitless ! gravitational acceleration (m/s2) ! (1/K) air coefficient of thermal expansion ΔT temperature difference between the air and the surface (K) ! kinematic viscosity (m2/s) 
 
  
                                            
55 Stanghellini 1993 
56 Mc Adams 1954 
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4.2.3. x evaluation 
 
S. Flores Larsen et al. calculated x for different ratios of !! !! for 
temperatures between 15°C and 30°C. 
 
Figure 71: Larsen results: x versus the mean air temperature at sea level  
for  !! = 1300 ! ! , !! = 160 ! ! (!! ≫ !!); 160 ! ! (!!~!!); 35 ! ! (!! ≪ !!) 
 
• !! ≫ !! x varies from 0,6 to 0,75 (which is the range found by Stec et 
al. in their measurements (!! = 1300 ! ! , !! = 160 ! !, air 
temperature below 30°C).  
In this case moisture readily travels to the leaf surfaces but it is not 
easily evaporated; around 60-70% of the absorbed total energy is 
expelled as latent heat and 30-40% as sensible heat. 
• !!~!! x varies from 0,45 to 0,65 and 45-65% of solar energy absorbed 
by the plant is turned into latent heat.  
• !! ≪ !! leaf surfaces remain dry as surface moisture is readily 
evaporated (i.e. for high wind speed). In this case x can reach values 
of around 0,23-0,40, it means that around 23-40% of the absorbed 
total energy is expelled as latent heat and 60-77% as sensible heat. 
 
These assumptions are valid if the second term does not exceed 25 
W/m2 which happens for !! ≫ !! or for !!~!! with RH > 65%.  
When !! ≪ !! the second term is comparable to the first one and it 
cannot be neglected: rare case of very windy conditions or high values 
of !!, for example when the leaf transpiration is reduced by the plant 
due to adverse environmental conditions such as extremely dry or hot 
climates. 
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4.3. Model sensitivity analysis 
 
The sensitivity of parameters can be explored by changing values of one 
parameter at a time while keeping constant others. 
 
Effects of the following weather parameters were evaluated:  
• !!  incident solar radiation (400 W/m2, 800 W/m2 = absorbed Short-
wave Radiation 200 W/m2, 400 W/m2);  
• !!"#  outdoor air temperature (25°C, 30°C, 35°C, 40°C);  
• !"  relative humidity (60%, 80%);  
• !  wind speed (0,5 m/s, 1,5 m/s, 2,5 m/s, 3,5 m/s) 
 
and of the leaf parameter: 
• ! leaf characteristic dimension (0,005 m; 0,02 m; 0,05m) 
Other leaf parameters were not varied because they are correlated 
depending on the plant specie and it hasn’t been possible to describe 
those relationships (for example between leaf area index and stomatal 
resistance).  
 
 
4.3.1. Leaf temperature 
 
Leaf temperature is one of the most important parameters of this study 
since it has a remarkable impact on heat flux exchange, for this reason it 
is necessary to understand what variables affect more leaf temperature. 
The Campbell formula ( !!(°!) = !!"# + !!!!!! !!"#$!!!!!,!"# − !!!"#!!   ) is the result 
of an energy budget of the leaf: 
 !!"# − !!" − ! − !" 
 
where: 
• !!"# =  !!!! + !!!! !!"#! + !!!"#$%!    is the absorbed (short and long-
wave radiation) 
• !!" = !!! T! !   is the emitted thermal radiation 
• ! = !!!!!,!"#(!! − !!"#)  is the sensible heat loss (by convection) 
• !" = !!! (!!!! − !!) !!"#   is the latent heat loss (transpiration rate) 
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Gates (Gates 1980) reported Mellor et al. (1964) calculations about 
energy balance for Xanthium strumarium (pensylvanicum) under 
controlled laboratory conditions. !! = 0,95 ;  !! = 0,46 ;  !! = 1284 !!!  ;   !!"#$#%& = 25°! ;   !!"##$ = 25°! 
 
 
Figure 72: Energy balance for Xanthium strumarium (Gates 1980) 
 
 
Energy absorbed 
Short-wave 
Radiation 41% 
Long-wave 
Radiation 57% 
Reflected Short-
wave 2% 
Energy lost 
Transpiration 32% 
Thermal radiation 
emitted 63% 
Convection 5% 
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Gates reported also tables from Taylor (1975)57 showing relationship of 
transpiration rate and Tleaf with leaf dimension and leaf resistance. !!"# = 837 !!!  ;   !!"# = 30°! ;   !" = 80%  ;  ! = 0,5 !!  
 
 
Figure 73: transpiration rate as a function of leaf dimension and leaf resistance (Gates 
1980) 
 
 
Figure 74: leaf temperature as a function of leaf dimension and leaf resistance (Gates 
1980) 
It is clear from fig. 74 that transpiration is influenced very little by leaf 
dimension but strongly by leaf resistance while leaf temperature is 
strongly affected by leaf dimension, particularly when diffusion resistance 
is large (fig. 75). 
                                            
57 S. E. Taylor PhD dissertation, Ecological implications of leaf morphology considered from 
the standpoint of energy relations and productivity, Washington University (1971) 
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Leaf temperatures are here evaluated for different relative humidity, 
incident solar radiation, and wind speed values trough Campbell formula 
(table 3). 
 
60-80% are typical values for RH in Pisa and 1,5-3,5 m/s are typical values 
for wind speed; leaf characteristic dimension is 0,05 m. 
 
Table 3: leaf temperatures for different SR, RH, v, Tout 
SR 200 Vair 0,5  
T f °C RH 20 40 60 80 100 
 Tout 
  
  
  
25°C 30,444 31,758 32,991 34,190 35,369 
30°C 33,963 35,512 36,982 38,416 39,831 
35°C 37,367 39,171 40,895 42,584 44,254 
40°C 40,687 42,754 44,742 46,697 48,632 
 
SR 200 Vair 1,5  
T f °C RH 20 40 60 80 100 
Tout  
  
  
25°C 28,556 29,561 30,509 31,432 32,341 
30°C 32,497 33,711 34,867 35,998 37,114 
35°C 36,300 37,746 39,134 40,496 41,843 
40°C 39,981 41,677 43,314 44,926 46,523 
 
SR 200 Vair 2,5  
T f °C RH 20 40 60 80 100 
Tout  
  
  
25°C 27,893 28,757 29,573 30,368 31,152 
30°C 32,005 33,060 34,066 35,050 36,023 
35°C 35,978 37,249 38,470 39,669 40,855 
40°C 39,822 41,330 42,786 44,221 45,642 
 
SR 200 Vair 3,5  
T f °C RH 20 40 60 80 100 
 Tout 
  
  
  
25°C 27,517 28,292 29,025 29,739 30,443 
30°C 31,732 32,685 33,595 34,485 35,364 
35°C 35,810 36,967 38,078 39,170 40,251 
40°C 39,758 41,140 42,476 43,792 45,097 
 
 
 80 
SR 200 Vair 4,5  
T f °C RH 20 40 60 80 100 
Tout  
  
  
25°C 29,505 29,015 29,867 29,306 28,735 
30°C 34,444 33,974 34,813 34,092 33,360 
35°C 39,357 38,919 39,730 38,822 37,901 
40°C 44,238 43,825 44,610 43,491 42,358 
 
SR 400 Vair 0,5  
T f °C RH 20 40 60 80 100 
Tout  
  
  
25°C 35,486 36,800 38,034 39,232 40,411 
30°C 38,532 40,081 41,551 42,985 44,400 
35°C 41,473 43,276 45,001 46,690 48,360 
40°C 44,340 46,407 48,395 50,350 52,286 
 
SR 400 Vair 1,5  
T f °C RH 20 40 60 80 100 
Tout  
  
  
25°C 32,126 33,131 34,079 35,002 35,912 
30°C 35,804 37,018 38,173 39,304 40,420 
35°C 39,336 40,782 42,170 43,532 44,880 
40°C 42,742 44,438 46,075 47,686 49,283 
 
SR 400 Vair 2,5  
T f °C RH 20 40 60 80 100 
 Tout 
  
  
  
25°C 30,885 31,748 32,564 33,360 34,143 
30°C 34,804 35,859 36,865 37,849 38,822 
35°C 38,576 39,847 41,068 42,267 43,453 
40°C 42,210 43,717 45,174 46,608 48,030 
 
SR 400 Vair 3,5  
T f °C RH 20 40 60 80 100 
Tout  
  
  
25°C 30,164 30,939 31,672 32,387 33,091 
30°C 34,225 35,178 36,088 36,978 37,858 
35°C 38,140 39,297 40,408 41,500 42,581 
40°C 41,915 43,297 44,633 45,949 47,254 
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SR 400 Vair 4,5  
T f °C RH 20 40 60 80 100 
Tout  
  
  
25°C 29,674 30,385 31,059 31,715 32,363 
30°C 33,830 34,710 35,550 36,372 37,184 
35°C 37,845 38,918 39,949 40,963 41,967 
40°C 41,719 43,009 44,255 45,484 46,702 
 
 
Leaf temperature increases with growing values of incident solar 
radiation, relative humidity, outside temperature. 
 
 
 
 
Leaf temperatures do not differ significantly, the greater rate of 
convective energy exchange associated with the smaller leaf causes the 
leaf to be nearer to air temperature than the larger leaf (Campbell 1998). 
 
In the following graphs is shown how leaf temperature is influenced by 
wind speed. In the range of chosen air temperature values, leaf 
temperature decrease with rising values of wind speed as it cools more 
effectively due to convection and transpiration. 
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4.3.2. Heat flux 
 
To better understand the real benefits of a green layer the heat flux of the 
green façade has been evaluated and compared to the one of a common 
façade.  
Heat flux was estimated (keeping constant the thermal resistances) as: ! = ! !! − !!"    
 
where: 
 
• !!       leaf temperature (K) 
 
• ! = 1 !!! + ! + !!!      façade transmittance (W/m2K) !!! = !!!,!"#!!!      ℎ!,!"# convective heat coefficient;   ℎ! radiative heat coefficient: ℎ! = ℎ!! + ℎ!! ℎ!! = !!!!!"#$%&4!!!!         with  !!! = !!!!!"#$%&!  ℎ!! = !!!!!"#4!!!!               with  !!! = !!!!!"#!  ! = !!     conductive resistances of different layers (m2K/W) 
with: ! width of the layer (m) ;  ! thermal conductivity of the 
material (W/mK) !!! = 0,13 (m2K/W)  UNI EN ISO 6946 
 
• The indoor temperature, !!", is set constant at 20°C  
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Errore. I l  collegamento non è valido. 
SR 200 RH 80 
Q W/m2 Vair 0,5 m/s 1,5 m/s 2,5 m/s 3,5 m/s 
 Tout 
  
  
  
25°C 19,707 15,810 14,311 13,426 
30°C 25,732 22,271 20,918 20,110 
35°C 31,737 28,713 27,516 26,794 
40°C 37,728 35,133 34,098 33,469 
 
SR 400 RH 60 
Q W/m2 Vair 0,5 m/s 1,5 m/s 2,5 m/s 3,5 m/s 
 Tout 
  
  
  
25°C 25,163 19,545 17,402 16,143 
30°C 30,223 25,376 23,504 22,393 
35°C 35,231 31,128 29,532 28,578 
40°C 40,204 36,805 35,485 34,693 
 
SR 400 RH 80 
Q W/m2 Vair 0,5 m/s 1,5 m/s 2,5 m/s 3,5 m/s 
 Tout 
  
  
  
25°C 26,881 20,859 18,532 17,157 
30°C 32,298 27,005 24,920 23,673 
35°C 37,696 33,111 31,277 30,168 
40°C 43,082 39,177 37,598 36,633 
 
 
Increasing solar radiation incident on the façade has the largest impact on 
the reduction in exterior surface temperature and heat flux trough the 
façade. Therefore, the positive effect of the vegetation cover and its 
effective thermal resistance increases significantly with incident solar 
radiation, that is when the solar radiation level is the highest, the plant 
layer resistance is the highest due to blocked transmission od radiation to 
the exterior wall. 
These values, if compared with the flux trough the bare glass façade 
(without the green layer), return heat flux reduction. 
 
 
 85 
 
 
 
 
 
30 
40 
50 
60 
70 
80 
90 
25 30 35 40 
Fl
ux
 re
du
ct
io
n 
 W
/m
2 
T out  °C 
Heat flux reduction (RH 60% ; v 2,5 m/s) 
Is 400 W/m2 Is 800 W/m2 
30 
35 
40 
45 
50 
55 
25 30 35 40 
Fl
ux
 re
du
ct
io
n 
 W
/m
2  
 
T out °C 
Heat flux reduction (Is 400 W/m2 ; v 2,5 m/s) 
 
RH60% RH 80% 
 86 
 
 
 
 
Heat flux reduction increases with increasing solar radiation and wind 
speed while decreases with rising values of relative humidity, it ranges 
between 58% and 80%. 
The effective resistance of the green layer varied from 0,07 to 0,52 with 
an average value of 0,23 W/m2K. This, compared to other studies, is an 
optimistic result (Susorova and Larsen found an average value of 0,15 
W/m2K). 
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These results have to be compared with the heat flux reduction for a 
typical brick wall with an insulating layer. Indeed, the glass layer we 
considered had low resistances values and it ended up gaining the 
highest benefits from the vegetated layer. 
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In this case heat flux reduction is remarkably lower ranging from 12% to 
25%, this is due to the better efficiency of the wall. The plant layer is most 
successful in reducing heat flux when placed on a wall with low thermal 
resistance (uninsulated or poorly insulated). 
 
The sensitivity analysis showed that adding a plant layer to a façade as a 
passive cooling strategy works better in climates with high solar radiation 
and with high wind speed values that cool the façade most effectively due 
to convection. 
Moreover the analysis gave better results as heat flux reduction for lower 
values of relative humidity, this is due to the specific range of weather 
parameters that we considered.   
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5. PROJECT 
 
 
5.1. Digital fabrication as process of design 
 
“A new digital revolution is coming, this time in fabrication. It draws 
on the same insights that led to the earlier digitizations of communication 
and computation, but now what is being programmed is the physical 
world rather than the virtual one. Digital fabrication will allow individuals 
to design and produce tangible objects on demand, wherever and 
whenever they need them. Widespread access to these technologies will 
challenge traditional models of business, aid, and education.”58 
 
The first industrial revolution of the XIX century emerged around coal, the 
train and the telegraph. In the XX century the economy was based on 
petrol, the car and the telephone. Now, in the XXI century, we are making 
massive use of the renewable energies, smart cars and the Internet. 
Digital fabrication is challenging the assumptions that underlie mass 
production.  
 
“Today, micro-factories make everything from cars to bike components to 
bespoke furniture in any design you can imagine. The collective potential 
of a million garage tinkerers is about to be unleashed on the global 
markets, as ideas go straight into production, no financing or tooling 
required.”59 
 
Indeed the service economy and the Internet of things can allow a ‘data 
exchange’ instead of a ‘product exchange’.  
In this way there is a remarkable growth of new activities related with 
digital fabrication that allow the sharing of knowledge at a global level 
with a local production of almost anything (“Think globally, fabricate 
locally”57). Therefore the production can be done locally and the 
consumer becomes a producer as well, a ‘prosumer’.60 
                                            
58 N. Gershenfeld, How to make almost anything (2012) 
59 C. Anderson, Atoms are the new bits (February 2010) 
60 A. Toffler, The third wawe (1980) 
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Digital fabrication is a process that connects 
the digital world to the physical world, the 
integration of these two worlds enhance 
both, creating huge potential. 
Because the object is produced directly 
from a digital file, anyone with access to the 
file (and the fabrication machine) can make 
a copy of the object and modify a part of it. 
This open-sourcing of physical objects 
offers potential for distributed production, 
for customization and personalization, and 
for learning about the construction of 
objects by studying or making their 
designs.  
The next industrial revolution is not merely 
about new ways of producing physical 
objects, but also about new ways of 
collaborating, sharing, marketing and 
financing. 
 
 
In 1998 Neil Ghershenfeld started a class (at MIT) entitled “How to Make 
Almost Anything”. Out of the unexpectedly wide and creative results of 
the course, outcome of a multi-disciplinary approach (bringing together 
programming disciplines, basic chemistry and electronics, design and 
fabrication, digital tools and digital fabrication machines) Ghershenfeld 
decided to start a global network of laboratories working synchronized 
under the same protocols. The Fab(rication) Lab(oratory) Network share a 
common motto: research globally (sharing knowledge) and develop 
locally (based on local contexts, attending to local necessities, and 
sourced on local talents).  
 
Digital fabrication has a number of advantages compared with other 
manufacturing processes, the absence of tooling reduces setup costs and 
time and it allows more flexibility and freedom.  
There are two main classes of digital fabrication machines: subtractive 
and additive.  
Figure 75: 1 invent, 2 design, 3 
prototype, 4 manufacture, 5 sell 
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Subtractive machines work by removing portions of a material to leave 
behind a desired shape or structure. Some, like computer-numeric 
controlled (CNC) milling machines and routers, work in three dimensions, 
moving a spinning cutting tool in precise paths to contour a sheet or 
block of material.  This process is known as computer-aided 
manufacturing (CAM) and is used to produce forms from materials like 
metal, wood, wax, and foam.  
Other subtractive machines, like laser cutters, work primarily by cutting 
through flat sheets of material, creating precisely-outlined shapes. 
 
Additive machines, commonly known as 3D printers, work by building 
up a form through successive application or fusion of material, a 
process known as rapid prototyping. There are a variety of 3D printing 
processes. 
 
The rapidly growing influence of Computer Aided Design (CAD) we 
already see around us, is complemented by a growing influence of 
Computer Aided Manufacturing (CAM). 
 
 
 
Figure 76: Baker d. Chirico designed by March Studio, Melbourne. The plywood panels 
are milled and assembled trough a press-fit system of joints. 
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Figure 77: Drawings for the CNC machine. The pieces are obtained from equals boards 
of plywood, they are cleverly placed for waste material minimization. 
 
The research of Gramazio and Kohler at ETH is an example of the 
introduction of digital fabrication in architecture. 
 
“In our research we examine the changes in architectural production 
requirements that result from introducing digital manufacturing 
techniques. Our special interest lies in combining data and material and 
the resulting implications this has on the architectural design. The 
possibility of directly fabricating building components described on the 
computer expands not only the spectrum of possibilities for construction, 
but, by the direct implementation of material and production logic into 
the design process, it establishes a unique architectural expression and a 
new aesthetic.”61 
 
Their focus is on additive digital fabrication techniques used for building 
non-standardized architectural components, basically it is a three-
dimensional printing process trough robotic systems. 
                                            
61 Gramazio and Kohler website http://gramaziokohler.arch.ethz.ch 
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Figure 78: Building strategies for on-site robotic construction, 2014-2018 (NCCR Digital 
Fabrication research project). This project investigates building strategies for robotic on-
site construction, and concentrates on the development of a custom computational 
design and simulation framework that is capable of operating robotic machinery in 
uncertain environments. 
“By positioning material precisely where it is required, we are able to 
interweave functional and aesthetic qualities into a structure.  
We can thus “inform” architecture through to the level of material.  
Our aim is to develop criteria for a new system of structural logic which 
can be applied to architecture and that is intrinsic to digital fabrication. 
We started with modules such as bricks as a basic material and are now 
expanding the spectrum to include fluid materials.”60 
 
By combining digital fabrication techniques with parametric design it is 
possible to create adaptive architectural solutions. 
Developed by the Institute of Advanced Architecture of Catalonia (IAAC), 
the Fab Lab House is a self-sufficient building that produces twice the 
energy that it consumes.  
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Figure 79: the Fab Lab House 
 “The Fab Lab House is developed on a network of fabrication 
laboratories using CNC machines to design and produce houses than can 
be customizable by the inhabitants, and at the same time adaptable to 
the environmental conditions.” (Neil Gershenfeld) 
 
A standard paraboloid section is positioned for suitable solar tracking (per 
year per day), and deformed in appropriate steps aimed towards an 
optimal orientation for summer (narrowing to the west, eastward widening 
and flattening toward the zenith of 70 degrees). The freedom get from 
the paraboloid model allowed to swiftly and smoothly adapt the 
prototype’s envelope to strategic solicitations. 
 
  
Figure 80: solar analysis for optimization 
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The house is a pre-fabricated wooden construction in which all its 
structural components are cut from a 1220x1440mm plywood sheet. 
These components are then assembled and transported in transversal 
ring sections to site. Upon arrival to site, each section is then lifted and 
fixed into place. 
 
 
 
Figure 81: layer and components of the house 
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5.2. Case of study 
 
An application of the technology proposed has been investigated for the 
Department of Energetics (building of the School of Engineering). 
The building is located in Pisa, the site is characterized by high values of 
relative humidity (generally around 80%, figure 83), mediterranean 
climate, prevalent wind from west. 
 
 
Figure 82: hourly relative humidity values for Pisa 
 
The building main axis is north-south, widest façades are oriented east 
and west while small portions are facing directly north or south.  
The east façade overlooks the puclic spaces of the university while west 
façade is overlooking via Diotisalvi. 
 
 
 
   
Figure 83: east (left) and west (right) facades of the buiding. 
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The modular façades are made of brick walls coated with pink plaster with 
big windows between pillars. The building average height is around 9.70 
m., the spaces are developed on 3 levels with decreasing storey heights 
(the ground floor is around 3.60m high, the third goes from 2.40 to 3.20 
m with an average of 2.80 m) 
 
 
 
 
  
Figure 84: solar analysis of the incident solar radiation on the building 
 
 
After an accurate analysis of the existing greening systems positive 
features have been underlined: flexibility, adaptability to different 
environment, moderate prices, environmentally sustainable materials. 
 
The proposal is to design a flexible waffle-structured system that can be 
arranged in three ways depending on the type of wall they are attached 
to (glass, opaque with windows, no windows). 
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Figure 85: section of the three systems 
 
• The first is a structure with a trapezoidal shape in order to allow to 
all the planter boxes to receive the same amount of sun, this 
solution is suitable for glass walls (it is possible to see plants from 
the inside). 
 
• The second one is a multi-curved shape (made with an algorithm 
that created smaller depth mullions and transoms in front of 
windows). This surface has different shading spots in order to place 
different plants (splash of color) with different exposure needs. 
The plants are placed in pockets made in a layered panel with 
different recycled materials. In this case plants used are xerophytes 
and ground covers. 
This solution is suitable for walls with windows (it is possible to 
place the panels with plants where there's the opaque wall and 
leave empty cells in front of windows). 
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• The third one is a grid (made with the same waffle structure) for 
climbers, suitable for opaque walls in order to let the plant cover 
the entire facade. 
 
For the assigned building it was selected the second type, with curved 
shape, since the building is mixt (opaque and glass). 
The structure is made of independent panels each one integrated with 
water pipes and electricity wires for the electrobiochemical system. 
 
 
 
 
 
Figure 86: exploded view of the components of a panel 
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Panel’s structure components are made of recycled plastic that is 
produced near Pisa (Revet Recycling, Pontedera), this material has good 
structural characteristics (can be milled and basically treated as wood). 
 
Material composition: LDPE, HDPE, PP 
 
Sheets properties: 
• density 0.93 gr/cm3 
• thermal conductivity 0.23 W/mK 
• continuous service temperature from -15° to +40° C 
• thermal coefficient of linear expansion 0.15-0.20 mm./m/°C 
• water absorption less than 0,1% 
• Pull Out: 7000 N (wood screw zn 100x5.50 mm/min) 
• tensile test: average breaking load 12 MPa 
 
 
 
Figure 87: diagram of the production process 
 
Therefore the single panel is made of recycled plastic mullions and 
transoms every 50 cm (each panel made of 5 mullions storey high, 
supposed around 3m, the external ones are half thick than the central 
ones, and 7 transoms 2m long). 
 
Plant selection is made trough the solar analysis of the surfaces (incident 
solar radiation). 
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Figure 88: solar analysis and plant selection. 
 102 
 
Figure 89: façade details 
 
 
The structure is self-bearing, vertical loads are transferred to the ground 
trough mullions, and the horizontal movements are prevented trough a 
connection between mullions and the building's beams.  
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These connections allow also to sustain the upper panels when, for 
example, we need to take off a central panel (in this case the vertical 
loads will be transferred to the building's beam).  
 
Water pipes are attached to mullions alternatively with the connectors. 
These connecting rods allow vertical movements for mullions and thermal 
expansion (since this material has a high thermal expansion coefficient), 
while connectors between panels allow horizontal transoms movements. 
Horizontal rigid water pipes are attached to the building's beams and 
provide water for the vertical water pipes attached to the mullions. 
 
 
 
 
Figure 90: sections of the small panels containing: vegetation, substrate (recycled felt 
and coconut fiber), absorption layer, zinc and copper wires sustained by a grid, 
framework. 
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Figure 91: perspective view 
 
 
Figure 92: perspective view 
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ANNEX _ Parameters tables 
 
Convective heat coefficient 
 
Convective coefficients on the external surface have been calculated for 
different wind speed, relative humidity and incident solar radiation values. 
Since the results for each case analysed do not differs that much, 
convective heat coefficients can be summarized in 4 mean values. 
SR 200 W/m2, RH 60%;    hf_out 1,17 W/m2K 
SR 200 W/m2, RH 80%;    hf_out 1,06 W/m2K 
SR 400 W/m2, RH 60%;    hf_out 0,95 W/m2K 
SR 400 W/m2, RH 80%;    hf_out 0,85 W/m2K 
 
 
SR 200 RH 60 
hf_out W/m2K Vair 0,5 m/s 1,5 m/s 2,5 m/s 3,5 m/s 
 Temp 
  
  
  
25°C 1,1883 1,0842 1,0340 1,0008 
30°C 1,2106 1,1113 1,0625 1,0299 
35°C 1,2299 1,1361 1,0891 1,0574 
40°C 1,2549 1,1667 1,1217 1,0910 
 
SR 200 RH 80 
hf_out W/m2K Vair 0,5 m/s 1,5 m/s 2,5 m/s 3,5 m/s 
 Temp 
  
  
  
25°C 1,1418 1,0398 0,9911 0,9589 
30°C 1,1570 1,0598 1,0127 0,9812 
35°C 1,1686 1,0770 1,0318 1,0014 
40°C 1,1851 1,0992 1,0560 1,0267 
 
SR 400 RH 60 
hf_out W/m2K Vair 0,5 m/s 1,5 m/s 2,5 m/s 3,5 m/s 
 Temp 
  
  
  
25°C 0,9299 0,8549 0,8173 0,7921 
30°C 1,0054 0,9281 0,8890 0,8625 
35°C 1,0634 0,9867 0,9473 0,9204 
40°C 1,1173 1,0426 1,0036 0,9767 
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SR 400 RH 80 
hf_out W/m2K Vair 0,5 m/s 1,5 m/s 2,5 m/s 3,5 m/s 
 Temp 
  
  
  
25°C 0,8208 0,7530 0,7194 0,6969 
30°C 0,9032 0,8317 0,7960 0,7720 
35°C 0,9618 0,8901 0,8539 0,8293 
40°C 1,0125 0,9424 0,9064 0,8817 
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